Objective: Preeclampsia (PE) is a serious cardiovascular complication in pregnancy which is associated with an increased future metabolic and cardiovascular risk for mother and newborn. Recently, a paradoxical upregulation of the insulin-sensitizing and anti-atherogenic adipokine adiponectin has been shown in PE. Furthermore, high-molecular-weight (HMW) adiponectin has been suggested as the biologically active form of this adipokine. Design and methods: HMW adiponectin and total adiponectin serum concentrations were quantified by ELISA in PE (nZ16) patients and pregnant control women without PE (nZ20). Furthermore, HMW adiponectin and total adiponectin were correlated to clinical and biochemical measures of renal function, glucose, and lipid metabolism, as well as inflammation. Results: Median maternal HMW adiponectin and total adiponectin levels were significantly and independently upregulated almost twofold in PE when compared with controls. HMW adiponectin and total adiponectin correlated positively with creatinine and negatively with fasting insulin in univariate and multivariate analyses. Conclusions: We show that maternal HMW adiponectin and total adiponectin serum concentrations are significantly increased in PE and are positively associated with markers of insulin sensitivity and renal dysfunction. Adiponectin might be part of a physiological feedback mechanism improving insulin sensitivity and cardiovascular health in PE.
Introduction
Preeclampsia (PE), which is characterized by hypertension, proteinuria, and endothelial dysfunction, is a serious cardiovascular complication in pregnancy (1) . Both mother and newborn have a significantly increased future risk for metabolic and cardiovascular diseases as a consequence of a preeclamptic pregnancy (1) .
The pathogenesis of PE has been better elucidated in recent years. Thus, dysregulation of angiogenic and antiangiogenic factors including soluble feline McDonough sarcoma (fms)-like tyrosine kinase 1 and endoglin contribute to the disease (2) (3) (4) (5) . Furthermore, PE shares features of the metabolic syndrome (1) and recent studies suggest that adipocyte-secreted factors play an important role in the pathogenesis of this pregnancy complication. Among these so-called adipokines, increased concentrations of the appetite-suppressive, adipose tissue-derived factor leptin were found in PE (6) . Interestingly, upregulation of leptin precedes the clinical onset of the disease and it has been suggested that hyperleptinemia is a compensatory response to increase nutrient delivery to the underperfused placenta (6, 7) . Besides leptin, the proinflammatory adipokine tumour necrosis factor-a (TNF-a) is increased about twofold in women with PE (8) . Studies in pregnant rats showed convincingly that this extent of TNF-a upregulation is sufficient to increase mean arterial pressure by 27 mmHg (9). Similar to TNF-a, maternal IL-6 levels are significantly increased threefold in women with PE (8) . Furthermore, circulating IL-6 increased from the first to the third trimester in women with PE, but not in healthy pregnant controls (10) . In contrast to TNF-a and IL-6, adiponectin is an insulin-sensitizing (11, 12) and anti-atherogenic adipokine (12) (13) (14) , serum levels of which are decreased when features of the metabolic syndrome including obesity, dyslipidemia, and type 2 diabetes mellitus are present (15) . Furthermore, epidemiological data suggestthat low levels of adiponectin at baseline are associated with an increased risk to develop type 2 diabetes mellitus (15) . In contrast, circulating adiponectin is not significantly associated with coronary heart disease in humans (16) , despite the fact that this adipokine shows potent anti-atherogenic effects in various animal models (12) (13) (14) . Interestingly, adiponectin circulates as a trimer (low molecular weight), hexamer (medium molecular weight), and high molecular weight (HMW) form (15) and HMW adiponectin has been postulated as the active form of the adipokine (17, 18) . Since cardiometabolic risk is significantly increased in PE, it was hypothesized several years ago that circulating adiponectin might be decreased in this pregnancy-associated disease. However, a paradoxical upregulation of total adiponectin has been presented in various (19) (20) (21) (22) (23) but not all studies (24) .
In contrast to total adiponectin, little is known about HMW adiponectin concentrations in PE. Furthermore, it has not been elucidated which factors predict HMW adiponectin in this pregnancy complication. Therefore, we determined HMW adiponectin levels in 20 pregnant controls and 16 PE patients using a novel, specific ELISA (25) . Furthermore, circulating HMW adiponectin was correlated with clinical and biochemical measures of renal function, glucose, and lipid metabolism, as well as inflammation.
Subjects and methods

Subjects
For this study, 16 pregnant women with PE and 20 gestational age-matched controls were recruited from the Department of Obstetrics, University of Leipzig. None of the women were in labor at the time of the blood sampling. PE was defined as gestational blood pressure elevation O 140 mmHg systolic or O90 mmHg diastolic, accompanied by proteinuria in women who were normotensive before 20 weeks of gestation, according to the Report of the National High Blood Pressure Education Program Working Group on High Blood Pressure in Pregnancy (26) . Body mass index (BMI) was calculated as weight before pregnancy divided by squared height and the BMI of the study population ranged from 16.9 to 30.5 kg/m 2 . The patients were between the ages of 18 and 40 years. Homeostasis model assessment of insulin resistance (HOMA-IR) was determined as described previously (27) . Patients with generalized inflammation, renal diseases, and diabetes mellitus were excluded from the study. The protocol of the study was approved by the local ethics committee and all patients gave written informed consent before taking part.
Assays
A venous blood sample was obtained after an overnight fast, immediately separated by centrifugation at 4000 g for 10 min, and frozen at K80 8C. Serum insulin was measured with a two-site chemiluminescent enzyme immunometric assay for the Immulite Automated Analyzer (Diagnostic Products, Los Angeles, CA, USA). Circulating HMW adiponectin (Fujirebio, Tokyo, Japan) was determined according to the manufacturer's instructions. The HMW adiponectin ELISA detected adipokine in a range between 0.4 and 50 mg/l. Serum samples were initially diluted 441-fold as recommended by the manufacturer and further dilutions were performed when HMW adiponectin levels were above the detection range (Z50 mg/l!441Z22.05 mg/l). While the degree of precision of the HMW adiponectin ELISA system in terms of coefficient of variance (%) of intra-assay was between 2.4 and 3.0%, that of inter-assays was between 4.2 and 5.1% (25) . Total adiponectin was determined with a commercial assay system from Mediagnost (Reutlingen, Germany) according to the manufacturer's instructions. Serum creatinine, glucose, free fatty acids (FFA), cholesterol, triglycerides, and C-reactive protein (CRP) were measured by standard laboratory methods in a certified laboratory.
Statistical analysis
SPSS software version 11.5 was used for all statistical analyses (SPSS, Chicago, IL, USA). Differences in circulating HMWand total adiponectin between control and PE patients were assessed by Mann-Whitney U test. Correlations were performed using Spearman's rank correlation method. To adjust the effects of covariates and identify independent relationships, multivariate linear regression analyses were performed. Distribution was tested for normality using Shapiro-Wilk W test and non-normally distributed parameters were logarithmically transformed before multivariate analyses. A P value of !0.05 was considered statistically significant in all analyses.
Results
Circulating HMW adiponectin serum levels are increased in PE patients when compared with controls
The clinical characteristics of the subgroups studied (control, PE) are summarized in Table 1 . All continuous variables are given as medianGinterquartile range. Maternal HMW adiponectin levels were significantly increased in subjects with PE (16.03G12.53 mg/l) when compared with healthy pregnant controls (8.09G 4.88 mg/l; P!0.01; Table 1 ). This difference in circulating HMW adiponectin was also seen after adjustment for BMI (P!0.01; data not shown). Similarly, total adiponectin concentrations were higher in PE patients (12.15G8.88 mg/l) when compared with healthy pregnant controls (6.75G3.55 mg/l; P!0.01; Table 1 ). PE patients were significantly older (33.0G10.0 years) when compared with control subjects (26.5G10.5 years). (Table 1) . Systolic (SBP) and diastolic (DBP) blood pressure, serum creatinine, FFA, and CRP were significantly elevated in patients with PE when compared with controls (Table 1) . In contrast, measures of insulin sensitivity (fasting glucose, fasting insulin, and HOMA-IR) and lipid metabolism (cholesterol and triglycerides) were not different between the two groups ( Table 1) .
Univariate correlations
When all subjects (nZ36) were analyzed, both serum HMWand total adiponectin levels correlated positively with creatinine and negatively with fasting insulin (Table 2 ). In addition, total adiponectin but not HMW adiponectin positively correlated with SBP and FFA ( Table 2 ). In contrast, no correlation was found between HMW adiponectin and total adiponectin on one hand and age, BMI, DBP, fasting glucose, cholesterol, triglycerides, and CRP on the other hand (Table 2) . Interestingly, a significant negative correlation between HMWadiponectin and fasting insulin could also be detected when the two subgroups (control, PE) were studied separately (controls: rZK0.484, PZ0.031; PE: rZK0.550, PZ0.027). Furthermore, HMW adiponectin and total adiponectin serum levels were strongly and positively correlated ( Table 2) .
Multivariate correlations
In multiple regression analysis including all subjects (nZ36), the association between HMW adiponectin and total adiponectin serum concentrations, and fasting insulin and serum creatinine, remained significant when the two parameters were included in the model (Table 3) . Furthermore, PE remained a significant independent predictor of both HMW adiponectin and total adiponectin in multivariate analyses (Table 3) . After controlling for PE, fasting insulin predicted HMW adiponectin but not total adiponectin (Table 3) . Moreover, the association between HMW adiponectin and total adiponectin on one hand and creatinine on the other hand, was lost after controlling for PE (Table 3) .
Discussion
In the current study, we demonstrate that maternal serum concentrations of HMW adiponectin are significantly increased in PE patients when compared with healthy gestational age-matched controls. Using a different experimental approach, a similar finding has recently been obtained by Takemura et al. (28) . The authors demonstrate that in their hands median HMW adiponectin levels are 11.2 mg/l in the PE patients when compared with 6.8 mg/l in the controls using an ELISA kit from Daiichi Pure Chemicals (Tokyo, Japan) (28) . In addition, we demonstrate that total circulating adiponectin is significantly increased in PE patients in accordance with previous studies (19) (20) (21) (22) (23) . Furthermore, we show for the first time in pregnant women that HMW adiponectin is positively correlated with creatinine and negatively associated with markers of insulin resistance (fasting insulin and HOMA-IR) in univariate analyses. A negative correlation between HMW adiponectin and fasting insulin is also demonstrated when the subgroups (control, PE) are studied separately. Moreover, we are the first to demonstrate that fasting insulin remains an independent predictor of circulating HMW adiponectin also after adjustment for serum creatinine and PE in pregnant patients. In contrast, the association between total adiponectin and fasting insulin is lost after controlling for PE. These results indicate that the close relationship between HMW adiponectin and insulin sensitivity is present not only in controls but also in PE patients and that HMW adiponectin might be a better marker of insulin sensitivity when compared with total adiponectin. Upregulation of HMW adiponectin in PE appears paradoxical since this pregnancy-associated complication is linked to increased risk of cardiovascular and metabolic diseases and HMW adiponectin is regarded as a protective factor for both conditions. Thus, changes in serum HMW adiponectin but not total adiponectin are associated with improvement of hepatic insulin sensitivity after thiazolidinedione treatment (17, 29) . Another report suggests that only HMW adiponectin induces activation of AMP kinase in muscle (30) . Furthermore, HMW adiponectin suppresses apoptosis in cultured endothelial cells in vitro (18) . Most recently, Torigoe et al. have shown that serum levels of HMW adiponectin predict endothelial dysfunction in young men before any overt vascular disease has occurred (31) . Taking these studies into consideration, increased HMW adiponectin concentrations in PE could be part of a physiological feedback improving insulin sensitivity and vascular function in PE.
It remains unclear by which mechanisms HMW adiponectin and total adiponectin are upregulated in PE. For total adiponectin, it has been postulated that elevated secretion of this adipokine from fat might contribute to increased serum levels found in PE (19) . In contrast to this hypothesis, a significant difference in adiponectin mRNA expression could not be demonstrated in adipose tissue of PE patients when compared with healthy controls (20) . Furthermore, adipokines upregulated in PE including TNF-a and IL-6 have recently been shown by our group to significantly downregulate adiponectin in fat (32) (33) (34) . However, it is interesting to note in this context that serum creatinine is significantly and positively correlated to HMW adiponectin in the current study independent of fasting insulin levels. Furthermore, we show that serum creatinine is significantly increased in PE patients when compared with gestational age-matched controls. Taking these data into consideration, it appears plausible that mild renal dysfunction seen as a consequence of PE at least in part contributes to increased circulating HMW adiponectin in this pregnancy-associated disease. This hypothesis is further supported by reports convincingly demonstrating that renal excretion is a physiologically important route of adiponectin clearance with increased levels of this adipokine found in end-stage renal disease (35, 36) .
Taken together, we present evidence that maternal HMW adiponectin levels are significantly increased in PE and positively associated with markers of insulin sensitivity and renal dysfunction. Our data support the hypotheses that HMW adiponectin might be part of a physiological feedback mechanism improving insulin sensitivity and cardiovascular health in PE and that renal excretion is a physiological route of HMW adiponectin clearance. 
